One of the most effective mitigative approaches to eutrophication is the reduction of nutrient loading into water bodies. Bioremediation presents an economically viable and ecologically sustainable technology to nutrient pollution control taking advantage of the remarkable ability of plants and their associated microbial community to assimilate and remove nutrients from the environment. In this study, four emergent macrophytes (Cyperus haspan, Pandanus amaryllifolius, Pontederia cordata and Thalia geniculata) and two floating plants (Hygroryza aristata and Pistia stratiotes) were deployed in bank-side treatment beds and comparatively assessed for their remediative capabilities for nutrient control. P. stratiotes exhibited the highest removal efficiency for both nitrate and phosphate among the six plant species studied. Emergent macrophytes, P. amaryllifolius, C. haspan and P. cordata, were also found to be highly effective in nutrient uptake exhibiting removal efficiencies up to 100%. With the exception of T. geniculata, depletion of nutrients as a result of plant uptake significantly impeded the natural colonization of algae invariably leading to improvements in water quality in terms of turbidity and pH. Suppression of algae proliferation by T. geniculata was not preceded by a reduction in nutrient concentrations suggesting that T. geniculata may be directly inhibiting algal growth through allelopathy.
INTRODUCTION
Globally, eutrophication caused by excess nutrient loads is one of the common problems in surface waters and is acutely persistent in aquatic ecosystems in the tropics. In an urban environment, nitrogen and phosphorus enter surface waters from non-point sources such as atmospheric deposition, organic detritus, construction disturbances or landscape fertilizers. Even low levels of nutrient export in catchment runoff can have deleterious effects on the receiving waterbodies, easily fueling algal blooms particularly in shallow, closed aquatic ecosystems such as ponds and lagoons. Restriction of nutrient loading is thus the essential key to eutrophication control. Removal of nitrogen and phosphorus by means of cultivation of aquatic macrophytes has been proven useful for the natural attenuation of nutrient enriched waters (Greenway ) . Establishment of diverse communities of macrophytes, both around the perimeter and in the water body, significantly enhanced remediation and improved water quality of eutrophic ponds and shallow lakes (Mallin et al. ; Wang et al. ) . The presence of vegetation enhances nutrient removal through nutrient acquisition, filtration of organic and inorganic particulates, and formation of rhizospheral bacteria associations (Srivastava et al. ) .
Other simple and low-cost ecological remediation techniques involve implementing denitrification beds or vegetated open channels into the flow paths of contaminated runoff to mitigate pollution in receiving waters (Collins et al. ) . A comparative study on the pollutant removal capacity of stormwater treatment practices reported that open channels comprising of grass, dry or wet swales showed median removal efficiencies of 31 and 38% for nitrate-nitrite and soluble phosphorus respectively (Winer ) . Interception of contaminated discharges using wood-based denitrification beds also exhibited good nitrate removal but was however not effective in removing phosphorus (Schipper et al. ) .
In the tropics where favorable weather conditions foster algal blooms in aquatic habitats, long-term preventive measures are essential to reduce nuisance algal growth. The primary objective of the present study was to assess the effectiveness of bankside vegetated treatment cells in reducing nutrient pollutants feeding into a pond. Based on their natural abundance in tropical aquatic ecosystems, four macrophytes, Cyperus haspan (dwarf papyrus), Pandanus amaryllifolius (fragrant pandan), Pontederia cordata (pickerel weed) and Thalia geniculata (alligator flag), were cultivated and evaluated for their efficiency in nutrient removal in the treatment cells. Two floating plants, Hygroryza aristata (asian watergrass) and Pistia stratiotes (water lettuce), were also investigated in a comparative study with the emergent macrophytes.
MATERIALS AND METHODS

Experimental design
The remediation capability of six macrophytes, namely Cyperus haspan, Pandanus amaryllifolius, Pontederia cordata, Thalia geniculata, Hygroryza aristata and Pistia stratiotes, was assessed in treatment cells comprising 4 fiberglass tanks, measuring 1.5 m length by 1.0 m width by 0.6 m height. The supply of water was drawn from the pond through a submersible pump and filtered through a sandfilter bed to reduce algae contamination before use. A pump system was installed with each tank to facilitate recirculation. All plants were obtained through commercial nurseries and for the emergent plants, the soil substrate was removed and the roots thoroughly washed before re-potting in perforated bags filled with a mix of coarse sand and gravel. To normalize the plant biomass in each treatment cell as best possible, the planting density varied according to the plant size with the emergent plants filling the entire cell at regular spacing; 12 mid-sized or eight large-sized emergents were placed in each treatment cell. Floating plants, P. stratiotes and H. aristata, were laid to cover the entire water surface while the control cell was without vegetation. The plants were acclimatized in an aquatic environment for one month before the start of the experiment: 3 weeks in water to promote rooting and 1 week in filtered pond water for physiological adaptation. The experiments were conducted at the bankside of a pond in Singapore and subjected to natural diurnal variation in temperatures (34 ± 2 W C day; 24 ± 2 W C night). The cells were placed outdoors under a slope tent with a transparent roof that allowed natural sunlight, but averted rain splatter. Due to limitations in the number of flow tanks, the six vegetation types were studied in two separate batches, with an unplanted control set up each time.
To study the nutrient removal efficiency of the plants, a standardized volume of 225 L of filtered pond water was chemically spiked with 5 mg/L nitrate (KNO 3 ) and 0.5 mg/L phosphate (KH 2 PO 4 ) every 3 days. The exogenous additions aimed to simulate inputs of contaminants from urban stormwater runoff at concentrations commonly detectable in Singapore (Vijayarahavan et al. ) . Sampling was carried out daily at 10.00 h over a 10-day experimental period. The medium was maintained under recirculation (0.25 L/s) and filtered pond water was added daily to offset evaporative losses.
Chemical analysis
For nitrate and phosphate determination, water samples were collected and filtered through 0.2 μm syringe filters before analysis by ion chromatography using a Dionex ICS-1100 ion chromatograph with a Dionex AS300 column (Sunnyvale, California). The results were processed and recorded using the Chromeleon 7 software. Total nitrogen (TN) and total phosphate (TP) in water were determined using peroxodisulfate oxidation (Ebina et al. ) . The nitrates were analyzed by ion chromatography as mentioned above, while the orthophosphates were determined spectrophotometrically using the phosphomolybdenum blue assay (Murphy & Riley ) . The pH and total dissolved solids in water were determined using the YSI 556 Multi-Probe System (YSI Environmental, Ohio, USA). Turbidity was determined using the Thermo Orion Turbidimeter (Thermo Electron Corporation, Ohio, USA) and expressed in Nephelometric Turbidity Units (NTU).
Chlorophyll a water analysis
Chlorophyll a was determined by spectrophotometry according to Radojevic & Bashkin () with modifications. Water samples were first centrifuged at 10,000 rpm for 8 min, the supernatant decanted and the pellet resuspended in 10 mL 80% methanol. The suspension was incubated in a water bath at 65-80 W C for 8 min, cooled and the extract clarified by centrifugation. Optical densities for the chlorophyll a extract were determined at 663 and 750 nm and subsequently at 665 and 750 nm after acidification with 0.1 mL of 0.1 N HCl. Calculation for the concentration of chlorophyll a was corrected for turbidity as well as the presence of pheophytin. (Reddy & DeBusk ) . In the present comparative study on floating and emergent plant-based treatment of pond water, P. stratiotes exhibited the highest removal efficiency for both nitrate and phosphate among the six plant species studied (Figures 1 and 2) . P. stratiotes consistently removed 98-100% of the nitrate and phosphate 1 day after each dosing. The reduction was higher than that shown by the same plant in a 2-year study on stormwater detention ponds where reduction rates for pond water chemically spiked with 5 mg/L nitrate and 0.5 mg/L phosphate at the start of the experiment and the dosing was repeated twice more at 3-day intervals as indicated by the vertical arrows. Experimental controls without plants were subject to the same treatment.
RESULTS AND DISCUSSION
nitrate (0.06-0.18 mg/L) and phosphate (0.29-0.66 mg/L) were approximately 51-63 and 14-23% respectively (Lu et al. ) . In a similar study on mesocosm wetlands, phosphate removal (19%) by P. stratiotes was significantly lower than the 100% removal shown in this study (Lin et al. ) .
The reason, at least in part, for the discrepancy in removal efficiency was likely due to the fact that coverage of the floating plants in the mesocosms was about 50% compared to 100% coverage in this study. The failure of H. aristata, also a floating plant, to perform as well as P. stratiotes in nutrient removal at the start of the experiment was attributable to the lack of mature roots. Later development of long, feathery adventitious roots over the course of the 10-day study contributed to enhanced nutrient uptake by the plant resulting in nitrate reduction comparable to that of P. stratiotes, as well as improved phosphate removal.
As the treatment cells were exposed to uncontrolled environment conditions on site, natural colonization of algae in the nutrient-enriched media quickly set in 2-3 days after the start of the experiment. A comparative performance study on P. stratiotes, Spirodela polyrhiza and algal-based treatment of wastewater showed that floating macrophytes were more efficient in nitrogen and phosphorus removal than algal ponds (Awuah et al. ) . In contrast, in the present study, algae proliferation in the unplanted control, most noticeable after 5 days, resulted in nitrate and phosphate depletion which ultimately led to nutrient removal efficiencies that were comparable to, or surpassed, that of planted cells. Emergent macrophytes, P. amaryllifolius, C. haspan, and P. cordata, were also found to be very effective in nutrient removal, exhibiting efficiencies up to 100%, which were better than those reported in riparian plants, Phragmites japonica and Salix gracilistyla, that were shown to remove about 50% nitrate and 41-61% phosphate at comparable low inflow concentrations of 4.3 and 0.4 mg/L respectively (Shin et al. ) . As expected, removal efficiencies of the plants increased with higher hydraulic retention time, with the exception of T. geniculata that exhibited the least efficiency in phosphate uptake which, consequently, led to incremental increases in phosphate concentration in the media with each dosing. In a study of free surface flow constructed wetlands, high phosphate removal was obtained by both planted and control treatments leading to the postulation that most of the phosphorus was retained in the substrate layer rather than in the plant (Iamchaturapatr et al. ) . It has been suggested that mineral sand used in wetland beds contained oxides of calcium, iron and aluminum that enhanced phosphorus retention by chemical adsorption and precipitation (Arias et al. ) . While a coarse sand and gravel mix was used in this study, the substrate was unlikely to have played a major role in phosphorus retention as the phosphate removal efficiency in the treatment using T. geniculata was poor and notably dissimilar from that of P. cordata even though both were held in similar sized sand-filled bags.
Impedance of algae proliferation by plant nutrient uptake
The most recognizable manifestation of nutrient enrichment in water is algal bloom, which inevitably leads to the impairment of water quality and its appearance. In this study, nutrient availability in the cells encouraged algae growth about 2-3 days after the first dosing. Algae proliferation thereafter resulted in increasing accumulation of algal pigment chlorophyll a in the unplanted controls (Figure 3) . On the other hand, plant uptake of nitrate and phosphate in the vegetated cells led to nutrient-limiting conditions that significantly inhibited algal growth. Nonetheless, slight to moderate increases in chlorophyll a concentration was observed in the cells with P. cordata and H. aristata as there were still residual levels of phosphate due to their relatively lower efficiency in nutrient uptake. Unexpectedly, suppression of algae proliferation in the treatment with T. geniculata was not concomitant with a reduction in nutrient, specifically phosphate, concentrations. An incremental increase in the concentration of phosphate was detectable in the water with each chemical dosing indicating poor phosphate uptake by T. geniculata (Figure 2(a) ). It is known that simple shading by riparian plants can limit algal growth (Mosisch et al. ) . However, light shading could not have been a major factor in the suppression of algal growth by T. geniculata as algal inhibition was not apparent in the treatment with C. haspan although the foliage cover of both plant species cast a similar shading effect in their respective treatment cells. The finding suggests that T. geniculata may be directly reducing algae growth through alternative means such as allelopathy. It has been reported that some submerged macrophytes (Hilt & Gross ) , as well as emergent (Zhang et al. ) and floating plants (Jin et al. ) can inhibit growth of phytoplankton by their algicidal secretion. In a study on the allelopathic effect of Thalia dealbata on cyanobacteria, the aqueous extract of T. dealbata roots was found to inhibit the growth of phytoplankton assemblages and induce a decrease in chlorophyll a content (Zhang et al. ) . Observations of its inhibitory effect on algal growth together with the fact that it shares the same genus as T. dealbata, a plant with known allelopathic properties, support the postulation that T. geniculata may inhibit algal growth by secretion of allelochemicals.
Phytoremediation-induced improvements in water quality
Nutrient uptake by plants in the vegetated treatment cells hindered algal proliferation, effectively negating its deleterious effect on water quality. Increase in algal growth in the control cells as a result of nutrient availability led to significant increases in turbidity and pH. The high turbidity was due to large populations of algae kept suspended by the constant agitation from the recirculation of water. The remediation capabilities of plants in the vegetated treatment cells invariably led to improvements in water quality reducing turbidity by up to 94% compared to the control (Figure 3) . With the exception of T. geniculata, all vegetated cells had turbidity levels lower than 9 NTU. Turbidity in the cell with T. geniculata increased up to 3 days after the start of the experiment and began to decrease steadily thereafter in a trend corresponding to the chlorophyll a concentration in the media. The pH of the media in all treatment cells showed a general increase during the study (Figure 4 ). In the presence of plants, the increase in pH was within a range of 8-15%. On the other hand, the pH values in the control cells increased by 20-37% by the end of the experiment as a result of the rise in algal growth. This increase in alkalinity was the consequence of the consumption of carbonate and production of hydroxyl ions during algal photosynthesis.
The removal of N-and P-containing inorganic ions from the waters via plant or algae uptake did not result in considerable changes in total dissolved solids (TDS) in the controls as well as in the vegetated cells except those planted with P. stratiotes and T. geniculata, possibly due to the fact that the concentrations of exogenously added nitrate and phosphate were low relative to the dissolved ions present in the pond water (Figure 4) . Thus it is likely that the reduction in TDS by P. stratiotes is the result of the plant's high uptake of other dissolved ions such as fluoride or chloride (data not shown). On the other hand, secretion of allelochemicals as postulated earlier may be the cause of the steady increase in TDS observed with T. geniculata.
CONCLUSIONS
It has been widely reported that the utilization of aquatic macrophytes, riparian plants and even ornamental hydrophytes to remove nutrients from urban wastewaters offers a safe and effective alternative to conventional cleanup techniques (Shin et al. ; Zhang et al. ) . In this study, six terrestrial and aquatic macrophytes exhibited good nutrient removal efficiency, ultimately inhibiting algae growth through nutrient deprivation. Although highly effective in nutrient recycling in freshwater ecosystems, floating plants are notoriously invasive which presents a drawback limiting their field application. Nonetheless the risk of invasiveness may be circumvented if these floating macrophytes are grown in treatment systems isolated from the natural environment or in contained areas within the aquatic habitat. In addition to their aesthetic value, effective nutrient uptake by C. haspan, P. amaryllifolius, P. cordata and T. geniculata, makes them desirable for use in pond or river banks for the natural attenuation of fresh water bodies. The use of these plants is particularly advantageous in lentic waters, such as a pond, where a longer hydraulic retention time allows them to work most effectively. To remediate fast flowing waters or surface runoff, bankside treatment systems, for example simple raceways for non-point source pollution or cleansing biotopes for point source pollution, can be implemented to enhance nutrient removal by increasing the water residence time. Yet it is important to highlight that phytoremediation is most effective as a preemptive measure for nutrient control. In waters where algae proliferation has occurred, especially in the tropics where light and temperature conditions are largely favorable, rapid nutrient uptake by algae together with their short reproductive cycle easily outcompete plants in nutrient removal resulting in accelerated growth that proves challenging to reverse.
